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FOGUS ON ~ 100 GEV SCALE : TOP, W,
L DECAYS

 For sensitivity at lower energy scales (eg mu—> e Y), see earlier Snowmass Session
https://snowmass2 | .org/rare/clfv
* Here we focus on ~ 100 GeV scale , on-shell weak bosons or top quark decays

* In this session, see also LFV in Higgs and heavier (BSM) reasonances decays talks.

* As for experimental apparatus, | focus on LHC , HL-LHC and FCC-ee because , for this energy
regime, they constitute the two best possible avenues for the future for these studies at
colliders for the coming ~20 years period.



lF“I l N“ Lepton Flavour number = N leptons (flavour) — N anti-leptons (flavour)
Lepton Number = N leptons — N anti-leptons
LFV = violation of Lepton Flavour number conservation
LNV= violation of Lepton number conservation

o Jo/
_J —

Experimental signatures focus of the talk : Decays of W, Z and top quark. Energy scale ~ 1-100 GeV




POSSIBLE PHYSICS BEHIND LFV : 2511
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BR are very small. Precision is key to investigate new Physics in LFV processes 4



POSSIBLE PHYSICS BEHIND LFU/LNV : W- LL'X
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COMPLEMENTARITY OF HIGH AND LOW ENERGY
EXPERIMENTS

LFV high mass tails of two leptons |, |, at the LHC or HL-LHC,
and complementarity with results from low mass flavor physics experiments

LHC and flavor limits (@95% CL) LHC and flavor limits (@95% CL) LHC and flavor limits (©95% CL) EFT With gener’iC
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WHY SPECIFICALLY W,2,TOP DECAYS?
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WHY SPECIFICALLY W,2,TOP DECAYS?

FCC-ee , if constructed,

~ will provide:
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CURRENT EXPERIMENTAL PRECISION

Until 2015, precision still driven by LEP results using Z’s

BR(Z — ep) < 1.7 x 107°

7_ [3,4] o N 6 |
BR(Z — er) < 9.8 x 107°, 10° neutrinos

) from Z decays
BR(Z — pur) <1.2x 107"

LFV Z = vN
7 10 my (G(:\AO2
Or top decays at HERA BR(t=> l;1,q) < 103 [9]
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But LHC is catching up and superseeding these results now. o 3
See the following slides.
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For pictures of the experimental apparata check the backup slides
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ATLAS/CMS :LFNZ > EMU

Credit B.Chen C_I ﬂ
+ 227 .
+ e
+y H]
iy
m(e+mu) q et
OPAL 10 ¢ 17 107
8 7
ALBETEY B0 I b Already improves considerably LEP
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Updates with Run2 statistics (+140 fb-!) , and analysis improvements, on the way 10
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ATLAS : LFV 2 > ETAU/MU TAU
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Recurrent neural network (deep neural network) used as final observable, as more powerful to extract a signal
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[19]

Observed (expected) upper limit on B(Z — £7) [x10™°]

Experiment, polarisation assumption er uT

ATLAS Run 2, unpolarised 7 8.1 (8.1) 9.9 (6.3) Beats LEP
ATLAS Run 2, left-handed 7 8.2 (8.6) 9.5 (6.7) sensitivity !
ATLAS Run 2, right-handed 7 7.8 (7.6) 10 (5.8)

ATLAS Run 1, unpolarised 7 [53] 17 (26)

ATLAS Run 1 and Run 2, unpolarised 7 9.5 (6.1)

LEP OPAL, unpolarised 7 [10] 9.8 17

LEP DELPHI, unpolarised 7 [11] 22 12

1 -
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—e— Best-fit nuisance parameter
—e— Best-fit normalisation factor

Uncertainty et Ut ) .. [ Bestit +10 impact
— Still statistics [~ Best-it 1o impact
Statistical +3.5 +2.8 .
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HL-LHC LFV Z

* No specific studies for these Z decays channels included in the Report from Working Group 4 on
“Opportunities in Flavour Physics at the HL-LHC and HE-LHC” [21]. Probably because trivial to
extrapolate.

* For LFV Z decays, statistics increase and improvements in energy calibration can buy some space.

* The analysis method is already quite sophisticated using RNIN both in identification of taus and in
event selection and signal extraction (For Z > epu moving to BDT).

* Additional Improvements can come from

— Adding Z-> lep tau_lep channel (ongoing)

— HL-LHC acceptance of tracking detectors increases

— More lumi=> more stats , limit improves by |/\lumi ~ 4 by HL-LHC wrt Run|+Run2
* We probably arrive at some ~ 10”7 for Z-> It and 10 for Z 2ep

* Interesting for quite some time still!



FGG-EE: LFV Z->EMU

The event topology is a Z decaying to an unlike pair
of leptons of different flavour and opposite charge, back to back,
with the beam energy. So simple!

Impressive momentum resolution of FCC-ee detectors
and Z mass constraint from extremely well known beam
energy are very powerfull

—> Signal will be a delta function on top of a falling
background tail from Z=> 7 T = e u + neutrinos

So Z = t 1 is a negligible background

Problematic background:

[25,26]

w

(E-Ebeam) IGE

G&d b d DN =
'

(p-pbeam)/ Gp

Fig. 4. Difference between the total electromagnetic cone energy of the
electron candidates and the beam energy divided by the error on the energy
versus the difference between the total charged track cone momentum of
the muon candidates and the beam momentum divided by the error on
the momentum after the cuts for the ey selection described in the text.
Shown are the one, two and three standard deviation contours. In (a) the

Z~>pup with bremsstrahlung of muon in the material of the electromagnetic calorimeter (ECAL)—> looks e
NA62 measurement : expect 3 107 Z 2 uu background due to this.

Situation is better due to:

ECAL energy resolution (cut on E deposit in ECAL) and segmentation (shape of shower)

dE/dx (separation muon vs electron at 45 GeV ~ 2-3 sigma)
- 108 doable, better than 109 if using dE/dx likely



[25,26]

FCG-EE: LFV 2->ETAU/MUTAU

§4oi1'03"l""l""l""—_
Search for a clear tau decay S s | bokg: 2 = with © = I
in one hemisphere recoiling 2 mamE E
against a beam momentum a3 E
electron or muon e . useithis as signal
3 regipn
Clear tau decay: avoid Z—> ee or pu :
background. Focus eg on specific . NN
exclusive modes as 72> pv 2 M v, o0 '

or 3-prong decays

Figure 3: FCC-ee search for the lepton flavour violating decay Z (, ¢ = e, u. Momentum

. . distribution of the final state lepton ¢ for the signal (red) and for the background from
e/ll fromtinZ> 1t baCkground will Z — 77, with 7 — fvv (blue). The showsimomentum resolution of 1.8 x 10—2Tesults from
have distribution with endpoint Pbeam the combination of the spread on the collision energy (0.9 x 10%) and the detector resolution

; 1.5 x 1073). For illustration, the LVF branching fraction is set here to B(Z — 7¢) = 10~ ".
The density of events close to the ( ) ) g ( )

endpoint depends on T polarization

sensitivity down to BRs of 10-?
Scales linearly with momentum resolution 17



LFU/LNV W DECAYS

0.001 .
Depending on the nature of these heavy
neutral leptons (HNL), decays can conserve 10~ Jcludeciegions
or violate the lepton nhumber 5 ~ CMS excluded !
* Dirac: lepton number conserved (LNC) —> . 10 Prompt- N decays:|
|, and I, OS = ‘

10-5 : trileptons |

* Majorana: lepton number conserved (LNC) e
or violated (LNV) (LNV/LNC ratio is model 0 leptons Rl
depen dent) one displaced \i@z |

. il lepton + track(s) 1
LINC2ljrandil ©O5 s 2 5 10 20 50 100

LNV:I, and |, SS My (GeV)

q

q e

W y 12 Interesting to explore all flavour
. J\”“l combinations (to understand mixing
(2 active-sterile), and SS + OS

(3 processes to test
nature of neutrinos

|| |2 W)
et et Majorana, LNV & LFV
e+ mu- Dirac or Majorana, LFV
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Search strategy based on

*  Mpuin (210S), proxy for my

e My, very high for high my

* M(3I), for background rejection

OSSF = opposite sign and same flavor
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e € C [ I < orders of magnitude more background
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OSSF

A

Signal regions 5 OSSF
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Exclusion limits [7]

35.9 fb' (13 TeV)

LA B |

1072

1073

1074

107°

95% CL upper limits
------ Expected

[ = 2 std. deviation
[ - 1 std. deviation
—— Observed

Observed,
prompt N
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.
3
<
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E
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E 1 1 11 1 I 1 1 1 1 1 111 I 1 1 1 1 11 1 1
1 10 102 10°
m,, (GeV)
35.9 fb' (13 TeV)

T T T T UL I T T T T T L I T T T T T LI
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w Bx++ [lTriboson Dzzm W 10" Eggx+; @l Triboson Dzzm w

Obs./pred.

Low mass, no OSSF

+v [l Triboson Dzzm E
e/n [ Total bkg. unc. ]
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15 ﬁ: ‘dﬁ \jim ﬂ 3 Socthr B s 5 o Effour
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0 100 200 300 O 0 100 200 300 0 100 200 300
M; (GeV) M, (GeV) MID (GeV)

Totallty statistically limited!

Superseeds LEP experiments !
First result at hadron colliders for My < 100GeV
No focus on long lived N, requires special
reconstruction
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Prompt dimuon search:

Dimuons (SS/0S) + 1 jet:
gi

new result from LHCb

@ jets are merged or 1 jet of 2 1s out of
acceptance

@ allows to fully reconstruct N mass peak
@ N can be light (jet pr > 10 GeV)
@ probe both LNV and LNC N decays

First search to look at the OS prompt muons (LNC decays)!

Candidates / (4 GeV)
=~

same-sigh muons

opposite-sign muons

m /LN]ot (GeV]
LHCb-PAPER-2020-022 in preparation

O L B {00 B S A =
- p IIH C.b t Data ?5 - Prelfil:l(i::ary T Data
- FOUMInaLy W — oy b 250 mWwW - uv
C Wb — pX g Wb — puX 1
N W7 = A 2 200 [ mZ—=pup
- N = p+ jet ® - N — u+ jet]
~ 4
. s 150
Eg -
© 100 |
k 50 [
i ]
' 0
40 80 0 2 40 60 80 [23]

m(pnjet) [GeV]
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ATLAS

Displaced
Search strategy:

0.06 e
g - ATLAS Simulation - e OSSF or SSSF
q pr()n]pt git % 0.05)- ys=13TeV,W — uN - Hpev, ~ . d I d
c N v Wf;OGesva?roPptd ] |SP ace I.J.p. or }J.e
2 0.04— + . R;n%e’v :rs:faeced —
3 s+ my= 10 GeV, displaced vertex: transverse
$ C ’ my, = 12.5 GeV, displaced 3 .
0.03¢ f : displacement
— v e *
q, N WE*) 0.02 I : R - 4 <rDV < 300 mm
/gj: L t i nEE, s m
prompt 4/+¢3 0.011 b .l 3
- w oy m A ¢ N -
()r O;ﬁf"'L'_l-"*. t sore 80 .v v.v; . =4L“3
s cnlae —/ 10 1 10 10 10 |
displaced\ g /v e [ Upto | mect!
> nbhidd RAAAE REAR LAEE RAREE REARE B AAAE RESAE AEARe > \E RAAERS RAARS RARRN PEASE RASAS SAAAL | R R
G 50 ATLAS o .II\DAT:Make—-—icr::llebtzzkgmund 3 50&* ATLAS o .Taa\:l:-(ake;;;;allet)lzf)kg'ound
Prompt §4o_ ::Nev'awb‘ '3:;: nI oow - §4o— \ss:ﬂevvaamv‘ 'Eg.f’z "n;‘":fféevv -
Search strategy : g [ Zom —memaw ] & [ Sy s [6]
* w 30 Zsee ---my=50GeV - LU3OT Z-ee =-my=50GeV -
» SSSF lepton pair £ lL E | -
.« M(@3I) < 90 GeV T .- U
10 ,* -~ 10.__ ______ —; —
T o T sl bemadeeimdrr ek et ssbeiged 0000 rerererepe——— R I TR T e e ek e e R T e s
* No b-jets 2 2f 2 2f
B 1k s Ty T Ry R m N T T Sl NN
8 0 | 1 8 0: |

m(u, e) [GeV]

0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50 23
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::4;‘ F A = mesons
. . S - m = baryons
Dispalced vertex analysis ATLAS s leptons
— 1ol strange hadrons
v signal
é B A. reggion beauty hadrons [8]
| o - neutron
0 Decay in flight of hadrons 'E Ks KK -
0 Light resonances decays — Example: boosted B & .
decay into J/Psi or Psi(2S) = dimuon SV with mSV w0 Y By P. Mermod
'l I Y Y Lol ol ol ol ol Lol ol ol ol 4l |
~ 3 GeV 107° 107" 107 10° 10 10°
. . lifeti
0 Random crossings of pile-up tracks Timing and tight ID applied i R fiotime: L)
0 Cosmics producing back-to-back displaced : : ' _
muons A Large-radius tracking (LRT) algorithm.
ATLAS: cosmic-ray veto is applied to eliminate high-mass
vertices from a single cosmic-ray muon which is - Larger do ~300 mm (wrt standard reconstruction)
reconstructed as two back-to-back muons - computer-intensive, can be run onlyon a !imited
fraction of the RAW data — “filter” selection

a Reconstruction efficiency of displaced tracks,
15%
» Dominant systematics in ATLAS search

* Use sample of K% (select two-pion in invariant > 61— ]
mass window 488-508 MeV) (no high-mass DVs) é 14 F  ATLAS Simulation Preliminary B
* Parameterized o I Displaced leptons —e— Standard tracks
* From data/MC comparison, extract DV-level % 12— --u-- Large radius tracks —|
weights in bins of rpy and ZpT ‘E ; ;o--».,.._‘_w ~.a Combined E
* Apply those weights to signal MC and check S . e e ]
difference in efficiency ¢ 08f .- S =
. .. o F _.' -l [ 3 --i-—-i--""'" .
o Dlsplac§d .Iepto.n ID efficiency, 5& 06F = .- 3
O uncertainties in the modelling of lepton - ]
kinematic distributions and individual decay 04w
branching ratios, 10% 02 *—-—_.__’_
OPrompt-lepton reconstruction and 0:‘ L +_¢_| »
identification, 1% 0 50 100 150

Total systematic uncertainty is 24%

ATL-PHYS-PUB-2017-014 24




ST

102 s

[ HIIH’

[T IHI

[ IIIII\’

95% CL exclusion

—— Observed (prompt, LNV)
............ Expected

[ Expected + 1o

[ Expected + 20

= E T T T T T T T 3
_ ' ' 1 S A AR R 7 E = ATLAS /s =13 TeV, 32.9-36.1 fo"' -
s ATLAS \[g =13 TeV, 32.9-36.1 fb | ‘:‘ 10 = 95% CL exclusion, dominant v, mixing =
= i 95% CL exclusion = O = Observed (prompt, LNV) 3
s T U DELPHI —] 1 B ——— Observed (displaced, LNV) ]
— <wwnne CMS prompt, LNV _ E ——— Observed (displaced, LNC) =
— ——— Observed (prompt, LNV) — ! Expected -
— —— Observed (displaced, LNV) — 10 1= @ Expected + 1o -
——— Observed (displaced, LNC) { E [ Expected + 26 E

1 %\ | Expected — . o —
= @ Expected + 1o = 10° = E
— [ Expected + 20 — C -
Ry _ 102 E E
B o 104 - -
E E 1 0—5 C O T T T T T T A S T T S AN SO N S N A ]
- 6 7 8 - 10 20 30 40 50
B [6,7.8] B my, [GeV]

Il 1 | | 1 1 1 l | | | | | | . .

10 20 30 40 50 There is a whole program of improvements
my, [GeV] in plan :
- I B S - Add sensitiviy to tau channel
ATLAS (s=13TeV, 36.1 fb" - Interpret data with less simple scenarios for

mixing

- Add hadronic channels N decays to the DV
analysis

- Explore more triggers and prepare better
triggers for Run3, prompt channel

- Improve reconstruction and trigger strategy
for DV channel

. . - Improve analysis , eg [13]

[ HHH\

[ 11 HIJ

| lllll\\

50
my, [GeV] Order of magnitude improvements cap be

achieved even before HL-LHC



HL-LHC LNV PROSPECT

Phenomenological projections for the LHC

Previous searches '10_4 D revious searches
DV, \ ! 1076 —= Se— Em ‘
——— | FLHCh e . |

10—4L

1076/
~ .

N -8 ~ -8
s 10 o, va 10

10-10 30 L =160 fb' 10710, - L 2\/3%00 o~

iP DVs/DV, 0 | SHiP DVs/DV, 0,
12 I—LHCb =6 fb 10 12 LLHCb =300 fb
10° ‘ e
-14 1. . . . T . . _— =141, . . . P S . .
10 1 2 5 10 20 10 1 2 5 10 20

HNL mass [GeV] HNL mass [GeV]

@ several recent phenomenological works with projections for displaced HNLs

@ adisplacement kills SM bkg, signal acceptance estimated with gen-level info:

@ DVg: adisplaced vertex search in a tracker at ATLAS or CMS
@ DV : asearch with muon system at CMS (3 m decay volume)
@ LHCb reach: an inclusive HNL search in B decays

@ available now data allow to probe parameter space interesting from
baryogenesis considerations!

[23]

Boiarska et al arXiv:1902.04535

Phenomenological study
Of expectations for LNV
Decays at HL-LHC

Displaced vertices only !

For prompt channel :
 Statistics is essential to
improve

* Analysis method is still
pretty basic and a NN would
probably do a good job if
enough stats

* Trigger improvements for
HL-LHC should allow to

keep low thresholds sensitivity
—> No surprise if we can go down

one order of magnitude or more
26



U

Z-> vN

Main background v
Z — WxW — lvqq

-without lifetime, limit on sensitivity down to U?=10-¢

-with lifetime, detached vertex helps tremendously in

background rejection (basically 0 background)
- 2x1012 Z — vv events 2 A mixing of |U|? ~ 10~12

Figure 7: Sketch of the topology of a Z — vN decay,
with N subsequently decaying into " W™.

Muon coupling dominance: UZ: Uj:Uz = 0:1:0

DELP

\\ FASER2, 3 ab
. CODEX-b, 300 fb’!

SHiP,2x10* pot.

.'-'f'i'. ...... 4 - solid: without B,
- dotted: with B, (upper limit)

wumn M = 20.0 GeV
=m0 M =30.0 GeV
mime M =50.0 GeV
=es M =60.0 GeV

. N % 10° g—r— T
e S - ’ — M-300ev

A N (% . anee M =10.0 GeV

8 y; N

: \ - .

B, /4

Mean Decay Lenght (m)

107° Lpy | MATHUSLA200, 3-ab

10 4“ -- B,D mesons
107 T W.Z el FCC-ee

—11 . N T : [24]
10 See Sawn Tl T, . )
10_12 1 I 1 1 1 11 11 I 1 1 1 1 1 1 104 1 1 ||||||I 1 1 ||||\|‘ 1 1 ||||||‘ ”\'.I'wl.:‘l-ﬂl'l- Il Il ||\|||1‘..1 L1 11l
-1 2 10" 107" 10" 10" 10" 107 10°
my[Ge U +U% +U
€ u T
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LFV IN TOP DECAYS e

ATLAS-CONF-2018-044

‘2 105§l 1771 l 1T l T T I 1T I LI ] 17T l E /L_ (()_)
o - ATLAS Preliminary @ Data [ JNon-prompt 3
W [ {s=13Tev,798' [1Wz Wz ] .
1oL Signal region []Others 77 Uncertainty _ b
g Pre-Fit == Signal ===:Signal t-veto g
- i (0~
10° = =
- . .
102 .
= 1 Search strategy :
o - | 3 isolated light leptons
: % Y- > 2 jets, pT > 25 GeV
L A 7
s E——— 60% of the background is composed of ttbar and
g F E Z+jets events with an extra non-prompt lepton.
<~ 125 F E
© 2 7
T 1 A 7 . L
S ok Akz7777%/: A Boosted Decision Tree (BDT) is trained on
06 . . 06

[11] simulated events.
BDT discriminant
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LFV IN TOP DECAYS

80 fb-! 13 TeV
Bt — t0'q) < 1.3679% x 107 (expected).

[I1]
Bt — tl'q) < 1.86x 10  (observed).

Bt — euq) < 4.8’3: 411 x 107 (no 7 in cLFV vertex, expected),

B(t — euq) < 6.6x107°  (no 7 in cLFV vertex, observed).

From phenomenological study : [12]

Table 5 Expected upper limits on BR(t — gu~e™), under the hypothesis of the absence of signal, for 8, 13 TeV (in two scenarios: the case of 20
and 100 fb~! collected luminosity) and 14 TeV for 3000 fb~! collected luminosity

8 TeV (20 fb~ 1)

13 TeV (20 b~ 1) 13 TeV (100 fb~ 1) 14 TeV (3000 fb— 1)

BR(t — gu*e™) <6.3 x 107 <29 %107 <12 x 107 <2 x 107°

Pretty spot on ! (despite being a study with no systematics) 29



CONCLUSIONS

* Exciting new era of precision in LFV/LNV tests at EWV scale at colliders has started.
* LEP precision is beated in all areas.

* FCC-ee will be the next future project to bring important improvement in precision in these
tests.
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Particles passing through detector

Key; Muon CMS
Electron
— Charged Hadron (e.g. Pion)

— — — - Neutral Hadron (e.g. Neutron)

Transverse inc—e
through CMS
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ELECTROMAGNETIC CALORIMETER HADRONIC CALORIMETER MUON DETECTOR
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Figure 1: Vertical cross sections showing the top right quadrants of CLD (left) and
IDEA (right)
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ADDITIONAL NEUTRINOS

1 '
N | yl‘\)& * mnN=>mz
0.01 ' 2 | 7S o
E ....... EWPD ... i ..-..&..\-;.,,\.»Afi e LHC can exceed the limits
_ -=3C .
107 : pELPHI_ A | B from electroweak precision
re 3 data
N
* mN<mz
e Results from LEP (Z — vN)
\\.\‘\ W
o712 L o 1 e Currently explored at the
My (GeV) LHC (ATLAS, CMS)
* mn < mg ® MmN < mpB

e Using K decays, such as e Explored at colliders

K+ — (N, K= — uur (e.g. Belle, LHCb) or [8]
beam-dump experiments
* E.g.NAG2 (e.g. SHiP)

arXiv:1502.06541 [hep-ph]
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